INTRODUCTION
described tribe Argostemmateae Bremek. ex Verdc. (Rubiaceae, subfam. Rubioideae) to accommodate the paleotropical genus Argostemma Wall., which was traditionally associated with the large genus Oldenlandia L. (tribe Spermacoceae, Rubioideae). However, it was Verdcourt (1958) who validly published this tribal name by providing a Latin diagnosis. Since then the generic delimitations of Argostemmateae have changed greatly (Bremekamp, 1966; Bremer, 1987 Bremer, , 1996a . Earlier circumscriptions of the tribe included Argostemma, Clarkella Hook.f., Neurocalyx Hook. and Steenisia Bakh.f. (Verdcourt, 1958; Bremekamp, 1966) . This group of plants was characterized by having adnate anthers opening with a short slit or a pore and stamens attached at the base of the corolla lobes (Bremekamp, 1966) . Steenisia was later excluded from Argostemmateae by Bremer (1984) based on the absence of raphides, its thick-walled hairs, left-contorted corollas, hard, bony endocarp, and seed coat structure similar to that of subfamily Cinchonoideae. The genus was transferred to tribe Rondeletieae of subfamily Cinchon oideae (Bremer, 1987) , but was recently shown by Kainulainen & al. (2009 Kainulainen & al. ( , 2013 to be a member of subfamily Ixoroideae. It is currently placed in its own tribe Steenisieae (Kainulainen & al., 2013) . Bremer (1987) restricted Argostemmateae to include only Argostemma and Neurocalyx; however, the rbcL-based phylogenetic study by Bremer (1996a) revealed that Argostemma and Mycetia Reinw.
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Version of Record are closely related, while Neurocalyx belongs to tribe Ophiorrhizeae (Rubioideae). Andersson & Rova (1999) and Bremer & Manen (2000) confirmed the close relationship between Argostemma and Mycetia. Bremer (1987) excluded Clarkella from the tribe based on its funnel-shaped flowers, anthers not fixed to the base of corolla, stigmas with two linear lobes and very large pollen. This genus is currently classified in its own tribe Clarkelleae (Deb, 2001) . Recently, Argostemmateae were re-circumscribed by as a result of their molecular phylogenetic study based on combined data from five plastid and one nuclear regions; the tribe includes four genera: Argostemma, Mouretia Pit., Mycetia and Neohymenopogon Bennet. The present study pinpoints for the first time the phylogenetic placements of the two enigmatic Asian genera Myrioneuron R.Br. ex Benth. & Hook.f. and Cyanoneuron Tange within the subfamily Rubioideae. The results of our analyses also allow us to re-assess the generic limits of tribe Argostemmateae and establish new tribal limits of the Spermacoceae alliance (Bremer & Manen, 2000) .
Tribe Argostemmateae as delimited by is a member of the species-rich Spermacoceae alliance (Bremer & Manen, 2000) in subfamily Rubioideae, and sister to a large clade formed by tribes Dunnieae, Foonchewieae, Paederieae, Putorieae, Theligoneae and Rubieae Wen & Wang, 2012) . This group of plants exhibits a mostly tropical Asian distribution, with only two species of Argostemma endemic to tropical Africa. It can broadly be characterized by: herbs or small shrubs with entire or slightly cleft stipules; isostylous or heterostylous hermaphroditic flowers with anthers typically inserted at the base of the corolla tubes and opening with vertical slits or pores; and mostly capsules bearing numerous small seeds . The genera of Argostemmateae are morphogically distinct. Argostemma typically has adnate anthers (Bremer, 1989) , while the other three genera have free anthers. Mycetia is the only genus with berries; Neohymenopogon has dry capsules, while Argostemma and Mouretia produce fleshy capsules. Argostemma and Neohymenopogon have isostylous flowers, whereas Mouretia and Mycetia have heterodistylous flowers. Moreover, Neohymenopogon are mostly epiphytic and have stamens inserted in the upper part of the corolla tubes; in contrast, the other genera are non-epiphytic and have stamens inserted at the base of the corolla tubes. Finally, the leafy bracts subtending the inflorescences of Neohymenopogon are unique within Argostemmateae. However this feature has evolved independently numerous times in Rubiaceae (e.g., Hymenodictyeae, Razafimandimbison & Bremer, 2006; Dunnieae, Rydin & al., 2008) . Argostemmateae as defined by do not seem to have any obvious morphological synapomorphy but are highly supported as monophyletic by molecular data. The tropical Asian genus Myrioneuron, which has been traditionally associated with Mycetia and appeared to fall within Mycetia, has not previously been investigated in molecular phylogenetic studies of Rubiaceae. Therefore, the monophyly of Mycetia and Argostemmateae as defined by needs to be re-tested.
Myrioneuron was initially placed in tribe Mussaendeae based on its fleshy fruits (Hooker, 1882) . Bremekamp (1952) moved the genus to tribe Hedyotideae (synonym of tribe Spermacoceae) based on the presence of raphides and the absence of large pits in the basal wall of testa cells. Currently, Myrioneuron consists of eight species that are distributed in Bhutan, China, Vietnam, India and Nepal. Its members can be characterized by their arborescent habit with spongy bark, large leaves and stipules, mostly terminal cymose inflorescences with white, 5-lobed tubular flowers, villous inside and valvate in bud, and berries with many small seeds (Deb, 1996; Chen &Taylor, 2011) . Myrioneuron has sometimes been treated as a synonym of Mycetia (Bakhuizen, 1975) or Keenania Hook.f. (Van Steenis, 1987; Robbrecht, 1988) . Deb (1996) hypothesized that these three genera are closely related (with Myrioneuron more closely related to Mycetia than to Keenania), but are morphologically distinct. He distinguished Myrioneuron from Mycetia by coriaceous (vs. membraneous) leaves, isostylous flowers (vs. heterostylous), and lack of stalked marginal glands on leaves, stipules, bracts and flower parts (vs. presence of this type of gland in Mycetia). However, it is erroneous to describe the flowers of Myrioneuron as isostylous, as they are clearly heterodistylous; furthermore, the stalked marginal glands are not always found in Mycetia, because some Mycetia species only have sessile marginal glands (Chen & Taylor, 2011) . The monophyly of Mycetia and Myrioneurion has not been tested with a molecular-based phylogenetic analysis.
The Bornean and Sulawesian genus Cyanoneuron (Tange, 1998) was described based on three species of Myrioneuron with drupaceous fruits. Tange (1998: 148) described the fruits of Cyanoneuron as "drupe fruits with one stone separated into two loculi by a thin and soft septum, each loculus with numerous small seeds." The genus as delimited by Tange (1998) consists of five species of herbs or small shrubs with stipules divided into long linear segments, bluish nerves on the abaxial side of the leaves, "drupe-like" fruits and seeds with thickened exotesta cells. Based on its general morphology, Cyanoneuron was postulated to be related to Myrioneuron and Hedyotis L. (Spermacoceae). It has a two-layered upper epidermis, which has not been observed in other Rubiaceae, and multiseriate hairs, absent in Myrioneuron and Hedyotis (Tange, 1998) . Cyanoneuron was tentatively placed by Tange (1998) in Spermacoceae, but so far no molecular phylogenetic studies of Rubiaceae have investigated any of its members.
The main objectives of the present study are to: (1) assess the phylogenetic positions of Cyanoneuron and Myrioneuron within Rubioideae; (2) re-test the monophyly of Argostemmateae sensu Rydin & al. (2009b) and Mycetia; and (3) re-assess the generic limits of Argostemmateae and the tribal limits of the Spermacoceae alliance.
MATERIALS AND METHODS
Taxon sampling and laboratory procedures. -A sampling of 180 Rubioideae accessions, including the 11 currently recognized tribes of the Spermacoceae alliance (Anthospermeae, Argostemmateae, Danaideae, Dunnieae, Foonchewieae, Knoxieae, Paederieae, Putorieae, Rubieae, Spermacoceae and
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Theligoneae, Wen & Wang, 2012) , was used for this study (Appendix 1). We focused our sampling on this subfamily, as Myrioneuron and Cyanoneuron exhibit the typical characteristics of this group, including the presence of raphides and heterostyly. In addition, the top 100 hits from BLAST searches of various Myrioneuron and Cyanoneuron sequences against published Rubiaceae sequences available in the international databases all belong to Rubioideae. The types of Cyanoneuron (C. cyaneum (Hallier f.) Tange), Mycetia (M. caulifora Reinw.) and Myrioneuron (M. nutans R.Br. ex Kurz) were included in our analyses. We were unable to identify at species level four specimens of Mycetia and one specimen of Myrioneuron from Vietnam using Flora of China (Chen & Taylor, 2011) . We suspect that these specimens represent new undescribed species. Unfortunately, due to the lack of material, Keenania could not be studied. Colletoecema, sister to the rest of Rubioideae (Robbrecht & Manen, 2006; , was used as outgroup to root the trees generated from the large chloroplast dataset.
Total DNA was extracted from 30 newly available plant samples, following the standard CTAB protocol (Doyle & Doyle, 1987 ). Extracted DNA samples were then purified using the QIAquick PCR Purification Kit following the manufacturer's protocol (QIAGEN, Hilden, Germany). In total, purified DNAs of 47 accessions were amplified through the polymerase chain reaction (PCR) and subsequently sequenced for five plastid ndhF, rbcL, trnTF, rps16) and two nuclear (nrITS, nrETS) regions.
Amplifications were performed with the GeneAmp PCR System 9700 (Applied Biosystems, Singapore). Table 1 summarizes the amplification programs used. Each 50-µl PCR reaction contained: 5 µl reaction buffer, 5 µl 0.1M TMACl (Tetra methyl ammonium chloride), 4 µl dNTP, 0.5 µl Paq DNA polymerase, 0.5 µl 1% BSA (bovine serum albumin), 0.5 µl 20µM forward primer and 0.5 µl 20µM reverse primer (Table 2 ), 1 µl of template DNA (water for negative control) and water up to 50 µl. For nuclear regions (ETS, ITS), 0.7 µl of both forward and reverse primers (Table 2) were used. Products of successful amplifications were then purified using the Multi screen HTS PCR plates (Millipore, Billerica, Massachusetts, U.S.A.). Sequencing reactions of 10 µl were prepared as follows: 5 µl of PCR product and 5 µl of 10 µM primer were mixed in each well of the sequencing plate. The same primers (Table 2) were used for amplifications and sequencing. Finally, the prepared plates were sent to Macrogen (Amsterdam, Netherlands) for sequencing.
Sequence editing and alignment. -Sequence fragments were assembled and edited using the Staden package v.2.0.0b9 (Staden, 2013) . Previously published sequences were obtained from GenBank. The alignment of matrices was done manually following similarity criterion (Simmons, 2004) using BioEdit v.7.2.5 (Hall, 2013) .
Phylogenetic analyses. -The single-marker matrices were subjected to parsimony bootstrap analyses (Felsenstein, 1985) using PAUP* v.4.0b10 (Swofford, 2002) under the following settings: heuristic search, random sequence addition with 5 replicates, character resampling with 100 replicates, TBR branch swapping and MULTREES off and excluding parsimony-uninformative characters. Gaps were treated as missing data in all alignments and inferred indels/deletions were not coded as separate characters. The ensemble consistency index (CI) and ensemble retention index (RI) were calculated. The resulting bootstrap trees (not presented) were visually compared to detect any supported topological incongruence.
We performed combined Bayesian Markov chain Monte Carlo (MCMC) analyses (Yang & Rannala, 1997) of the datasets from five plastid regions (atpB-rbcL, ndhF, rbcL, rps16, trnTF) using the computer program MrBayes v.3.1.2 (Huelsenbeck & Ronquist, 2001; Ronquist & Huelsenbeck, 2003) . The best-fitting nucleotide substitution models under the Akaike information criterion (AIC; Akaike, 1973) were determined for the protein-coding (combined rbcL and ndhF) and non-coding (combined rps16, atpB-rbcL and trnTF) matrices, using the computer program MrModeltest v.2.2 (Nylander, 2004) . The best-fit model for the coding dataset was GTR + I + G, while for the non-coding data the best-fit model was GTR + G. The combined plastid matrix was subdivided into two partitions. The analysis consisted of two independent parallel runs of four Markov chains each, run for 9 × 106 generations, with trees sampled every 2000 generations. The convergence of the two runs was confirmed (standard deviation of split frequencies below 0.01). The first third of trees were excluded (burn-in) and a 50% Bayesian majority-rule consensus tree was calculated based on the remaining trees. The resulting cladogram was set to show branch lengths in order to illustrate inferred amount of character changes for each branch. In addition, a parsimony bootstrap analysis of the combined plastid matrix was performed under the following settings: heuristic search, random sequence addition with 10 replicates, character resampling with 1000 replicates, TBR branch swapping and MULTREES off. After assessing the phylogenetic positions of Myrioneuron and Cyanoneuron within Rubioideae, the sampling was reduced to only include 61 accessions of the Spermacoceae alliance: 9 accessions of Cyanoneuron (representing 2 species), 41 accessions of Argostemmateae (including 13 accessions of Myrioneuron, representing 6 species) and 11 accessions (representing 11 species) from the 10 tribes of the Spermacoceae alliance (Anthospermeae, Danaideae, Dunnieae, Foonchewieae, Knoxieae, Paederieae, Putorieae, Rubieae, Spermacoceae, Theligoneae). Danais xanthor rhea (Danaideae, shown to be sister to the remaining Spermacoceae alliance, e.g., was utilized as outgroup. Sequence data of the five plastid and two nuclear regions from the 61 accessions were analyzed with the Bayesian MCMC method. The best-fitting model for the coding, non-coding and nuclear matrices was GTR + I + G. The Bayesian MCMC analysis of the combined plastid-nuclear matrix was performed using the same settings as before, except the matrix was subdivided into three partitions (combined coding plastid data: ndhF, rbcL; combined non-coding plastid data: atpB-rbcL, rps16, trnT-F; combined nuclear data), and was run Version of Record for 20 × 106 generations. A parsimony bootstrap analysis of the combined plastid-nuclear matrix was conducted under the settings described above.
RESULTS
Information about all sequence data from the five plastid markers is summarized in Table 3 . This study used a total of 904 sequences, of which 825 sequences were from the five selected chloroplast regions (atpB-rbcL, ndhF, rbcL, rps16, trnT-F; Table 3 ) and 79 sequences from the nrETS and nrITS regions (28 and 51 respectively). One hundred eighty-six of the 904 sequences (ca. 20.57%) are newly published in this study.
Separate analyses. -Comparison of trees resulting from the single plastid analyses of the large datasets (not presented) showed no strongly supported topological conflicts. All sampled species of Myrioneuron were nested in Argostemmateae sensu in all trees, but resolution inside the tribe varied between trees. Myrioneuron and Mycetia were non-monophyletic and intermixed. Cyanoneuron was resolved as monophyletic. Its phylogenetic position varied from being well-supported sister clade to Argostemmateae (in the ndhF tree) to being nested within a largely unresolved Spermacoceae alliance (all other trees). Table 3 summarizes statistics for the separate and combined parsimony analyses. As a consequence, datasets from the five single plastid matrices were all combined in one large matrix in order to increase the number of informative characters.
Combined analyses. -The combined plastid data of the 176 Rubioideae accessions yielded a total of 9967 base pairs (bp), of which 3220 bp were parsimony-informative (Table 3 ). There were no strongly supported topological conflicts observed between the 50% Bayesian majority-rule consensus tree (Fig. 1 ) and the bootstrap parsimony tree (not shown). Therefore, the bootstrap values from the parsimony bootstrap analysis were Urophylleae (6) Ophiorrhizeae (10) Lasiantheae (6) Coussareeae (7) Psychotrieae alliance (32) Danaideae (9) Spermacoceae (11) Knoxieae (11) Anthospermeae (9) Paederieae (8) Rubieae (7) Theligonieae ( Version of Record added onto the 50% Bayesian majority-rule consensus tree. Myrio neuron was nested within Argostemmateae sensu , and formed a well-supported clade (Bayesian posterior probability, BPP = 1 and bootstrap, BS = 100) with Mycetia (hereafter called the Mycetia-Myrioneuron clade). The two genera were shown to be non-monophyletic and intermixed. Within the Mycetia-Myrioneuron clade phylogenetic relationships between the sampled species of Mycetia and Myrioneuron were only partly resolved. Cyanoneuron (represented by C. cyaneum and C. pubescens (Valeton) Tange) was nested within the Spermacoceae alliance, and was poorly supported (BPP = 0.5, BS < 50) as sister to the Chinese monogeneric tribe Foonchewieae. The genus was resolved as monophyletic with high support (BPP = 1, BS = 94).
There was no strongly supported topological conflict between the trees produced from the Bayesian and parsimony bootstrap analyses of the combined plastid and combined nuclear matrices of the 61 accessions of the Spermacoceae alliance (not presented). As a result, the datasets from the five plastid and two nuclear matrices were combined. In the combined plastid-nuclear tree generated from the Bayesian MCMC analysis (with bootstrap values added; Fig. 2 ), the support for the monophyly of Cyanoneuron was high (BPP = 1, BS = 97) and this lineage was resolved sister to the Chinese tribe Foonchewieae (BPP = 1, BS < 50). The Chinese monogeneric tribe Dunnieae was resolved as sister to the Foonchewieae-Cyanoneuron clade (BPP = 1, BS < 50). The DunnieaeFoonchewieae-Cyanoneuron clade was resolved with weak support (BPP = 0.84, BS = 63) as sister to Argostemmateae (including Myrioneuron). The Mycetia-Myrioneuron clade received high support (BPP = 1, BS = 81) and Myrioneuron and Mycetia remained non-monophyletic and intermixed (Fig. 2) .
DISCUSSION
Non-monophyly of Myrioneuron and Mycetia and phylogenetic position of Myrioneuron. -Mycetia and Myrio neuron have been considered to be closely related (e.g., Deb, 1996) . This hypothesis is highly supported by the present molecular phylogenetic analyses. Deb (1996) recognized Myrioneuron and Mycetia as distinct genera; this is not supported by our results, because these genera are non-monophyletic and intermixed. Therefore, this study supports the decision of Bakhuizen (1975) who treated Myrioneuron as a synonym of Mycetia. The Mycetia-Myrioneuron clade is highly supported (BPP = 1, BS = 100 or 81; Figs. 1-2) , and characterized by whitish soft bark, flowers with stamens inserted in the corolla tube at different positions and berries with many small seeds. As the general morphology of Myrioneuron falls within the range of Mycetia, its inclusion in the latter genus will not require any change in the current tribal description of Argostemmateae .
Monophyly and phylogenetic position of Cyanoneuron.
-As described by Tange (1998) , Cyanoneuron contains five species, and was tentatively placed in tribe Spermacoceae due to its overall morphological similarity with Hedyotis. The present study is the first to include Cyanoneuron in a molecular phylogenetic study of Rubiaceae, and supports its phylogenetic placement within the Spermacoceae alliance (Figs. 1-2) . However, the genus does not belong to Spermacoceae and is not closely related to Myrioneuron as postulated by Tange (1998) . Cyanoneuron is resolved as monophyletic with high support (BPP = 1, BS = 94 or 97; Figs. 1-2) , and is strongly supported as sister to the Chinese tribe Foonchewieae in the Bayesian tree from the combined plastid-nuclear data. On the other hand, this sister-group relationship receives poor support in the corresponding parsimony bootstrap analysis (Fig. 2) and in both the Bayesian MCMC and parsimony analyses of the combined plastid data (Fig. 1) . The Chinese tribes Dunnieae and Foonchewieae and Cyanoneuron form a highly supported clade in the Bayesian analysis of the combined plastid-nuclear data; however, this relationship collapses in the parsimony analysis (Fig. 2) . More data are needed to test the close relationships of Dunnieae, Foonchewieae and Cyanoneuron as suggested by the Bayesian analysis of the plastid-nuclear datasets.
Non-monophyly of Argostemmateae sensu Rydin & al. and reassessment of its generic limits. -As described earlier, tribe Argostemmateae sensu comprises of four genera: Argostemma, Mycetia, Neohymenopogon and Mouretia. The monophyly of this tribe has been strongly supported by molecular data (e.g., . However, this study shows that Argostemmateae sensu is paraphyletic unless Myrioneuron is also included (BPP = 1, BS = 100 or 81; Figs. 1-2) .
The overall topology of Argostemmateae in this study is consistent with the results of . In both studies, Mouretia is the first-diverging lineage, and sister to the rest of Argostemmateae. This genus is resolved as sister to a large clade formed by the Mycetia-Myrioneuron clade (BPP = 1, BS = 100 or 81) and the Neohymenopogon-Argostemma clade (BPP = 0.95 or 0.88, BS = 57 or < 50). These two latter clades are sisters. In , Mycetia is resolved with high support as monophyletic; however, Myrioneuron was not included in that study. In the present study, Mycetia and Myrioneuron are non-monophyletic and intermixed. In addition, the Neohymenopogon-Argostemma clade was strongly supported in , which is not the case in this study. Based on the evidence presented above, we maintain the generic status of Argostemma, Mouretia and Neohymenopogon. The current circumscriptions of Mycetia and Myrioneuron are untenable.
New combinations in Mycetia. -Based on the evidence presented in this study, Myrioneuron and Mycetia have to be combined to represent a monophyletic genus. Mycetia Reinwardt 1825 has priority over Myrioneuron R.Br. ex Benth. & Hook.f. 1873 (McNeill & al., 2012 . In consequence, nine species of Myrioneuron are formally transferred to Mycetia here. (Bremer & Manen, 2000) . As already stated before, Cyanoneuron is resolved as a strongly supported monophyletic group, and is distinct by its stipules divided into long linear segments and drupe-like fruits (Tange, 1998 ; Table 4 ). In addition, the genus has a two-layered upper epidermis, which has not been observed in other Rubiaceae (Tange, 1998 respectively, have bifid and entire stipules and capsular fruits dehiscing septicidally and through apical pores (see Table 4 for additional morphological characteristics of tribes Dunnieae, Foonchewieae and Cyanoneuron). Therefore, placing Cyanoneuron in its own tribe, Cyanoneuroneae, is the best solution (see below). Finally, the sister-group relationship between Dunnieae and Foonchewieae as revealed by Wen & Wang (2012) is not supported by our analyses. Tange, 1998) . -Herbs to small shrubs. Leaves with intramarginal nerves and upper epidermis two-layered. External hairs multicellular, thinwalled, and with constriction between the cells. Idioblasts with raphides. Stipules divided into multiple linear segments. Inflorescences terminal, condensed cymes. Flowers 5-merous, heterodistylous; corollas hypocrateriform, valvate in bud; stamens inserted in corolla tube; ovary 2-locular crowned by calyx and an annular disc, with peltate placentae attached to middle of septum, ovules numerous. Fruits drupes each with one stone separated into two loculi by a thin and soft septum, with numerous small seeds in each locule. Seeds angular. Pollen spherical, tricolporate, colpus narrow, tectum reticulate to foveolate.
Mycetia
Diagnostic characters. -Tribe Cyanoneuroneae is distinct from the closely related tribes Foonchewieae, Dunnieae and Argostemmateae by its stipules apically divided into multiple linear segments, condensed-cymose inflorescences and drupelike fruits with numerous small seeds.
Genus included. -Cyanoneuron. Geographic distribution. -Borneo and Sulawesi.
FUTURE PERSPECTIVES
Future studies of Argostemmateae should focus on indepth morphological and molecular investigations of the Mycetia-Myrioneuron clade, as the current study provides poor resolution at species level. More species of the largest genus Argostemma should be investigated in order to assess the phylogenetic relationships within the genus. Finally, efforts should be made to obtain sequenceable material of Keenania, which has been traditionally associated with Mycetia, and Clarkella, previously included in Argostemmateae.
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